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ABSTRACT 

A Brayton power sys tem was o p e r a t e d  s u c c e s s f u l l y  f o r  a 
t o t a l  o f  2561 hour s  i n  a vacuum environment.  T w o  r o t a t i n g  
u n i t s  were t e s t e d  and compared. With t h e  excep t ion  of  t h e  
h e a t  sou rce  and h e a t  s i n k ,  the  components were f l i g h t - t y p e  
hardware,  No major  t e c h n o l o g i c a l  problems occur red  d u r i n g  
system o p e r a t i o n .  

With t h e  d e s i g n  working f l u i d  (a  mix tu re  of he l ium and 
xenon w i t h  a molecu la r  weight  of  83 ,8) ,  an a l t e r n a t o r  g r o s s  
o u t p u t  o f  11.9 k i l o w a t t s  was obta ined .  The co r re spond ing  
g r o s s  and n e t  conve r s ion  e f f i c i e n c i e s  were 0.33 and 0.29 
r e s p e c t i v e l y .  Data are  p r e s e n t e d  f o r  t u r b i n e  i n l e t  tempera- 
t u r e s  from 13000 F t o  1600' F,  compressor o u t l e t  p r e s s u r e s  
from 2 5  p s i a  t o  44 p s i a ,  and compressor i n l e t  t empera tu res  
from 450 F t o  94' F. 



EXPERIMENTAL PERFORMANCE OF A 2-15 KILOWATT BRAYTON 

POWER SYSTEM USING A MIXTURE OF HELIUM AND XENON 
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SUMMARY 

A Brayton power system w a s  ope ra t ed  s u c c e s s f u l l y  f o r  a t o t a l  
o f  2561 hour s  i n  a vacuum environment.  Two r o t a t i n g  u n i t s  were 
t e s t e d  and compared. With t h e  e x c e p t i o n  o f  t h e  h e a t  sou rce  and 
h e a t  s i n k ,  the  components were f l i g h t - t y p e  hardware. No major  
t e c h n o l o g i c a l  problems occur red  d u r i n g  sys tem o p e r a t i o n .  

With t h e  d e s i g n  working f l u i d  (a  mixture  of he l ium and 
xenon w i t h  a molecu la r  weight  of 83.8),  an  a l t e r n a t o r  gross 
o u t p u t  o f  11.9 k i l o w a t t s  was obta ined .  The co r re spond ing  g r o s s  
and n e t  conve r s ion  e f f i c i e n c i e s  were 0.33 and 0 .29  r e s p e c t i v e l y ,  
Data a r e  p r e s e n t e d  f o r  t u r b i n e  i n l e t  t empera tu res  from 1300' F 
t o  1600O F, compressor  o u t l e t  p r e s s u r e s  from 25 p s i a  t o  44 p i a ,  
and compressor i n l e t  t empera tu res  from 45' F t o  94' F. 

INTRODUCTION 

The NASA-Lewis Research Center  i s  p r e s e n t l y  deve lop ing  a 
c losed - loop  Brayton c y c l e  system ( r e f .  1 & 2)  f o r  space  a p p l i c a t i o n s .  
T h i s  system w a s  des igned  t o  d e l i v e r  from 2 t o  1 0  kW o f  e l e c t r i c a l  
power c o n t i n u o u s l y  and t o  have shutdown and r e s t a r t  c a p a b i l i t y .  A t  
t h e  p r e s e n t  t i m e ,  ground t e s t s  o f  a l l  major components, subsystems,  
and t h e  complete  power conve r s ion  system, wi thou t  n u c l e a r  h e a t  s o u r c e  
and was te-hea t  r a d i a t o r ,  have been o r  a r e  b e i n g  conducted. 

Component t e s t s  have i n d i c a t e d  t h a t  t h e  system w i l l  be  capab le  
o f  producing  15 kW o f  gross power o u t p u t  w i t h  a d d i t i o n a l  c o o l i n g  
c a p a b i l i t y  f o r  t h e  a l t e r n a t o r .  An e f f o r t  i s  i n  p r o g r e s s  t o  provide  
t h e  hardware r e q u i r e d  f o r  a d d i t i o n a l  c o o l i n g  of  t h e  a l t e r n a t o r .  

The power conve r s ion  system was ope ra t ed  i n  a vacuum environment  
f o r  a t o t a l  o f  2561 hour s  i n  t h e  Space Power F a c i l i t y  a t  t h e  L e w i s  
Research Center .  No major  t e c h n o l o g i c a l  problems were encountered .  
The system, w i t h  t h e  e x c e p t i o n  o f  t h e  hea t -souyce  and h e a t - s i n k  sub-  
systems,  c o n s i s t e d  of f l i g h t - t y p e  hardware,  



The r o t a t i n g  u n i t  o f  t h e  sys tem i n c l u d e s  a t u r b i n e ,  a l t e r -  
n a t o r ,  and compressor a l l  mounted on a s i n g l e  s h a f t ,  The s h q f t  
i s  suppor t ed  e n t i r e l y . b y  g a s  l u b r i c a t e d  b e a r i n g s .  O the r  sys tem 
components i n c l u d e  a r e c u p e r a t o r ,  a waste h e a t  exchanger,  c o o l a n t  
l o o p  hardware,  and a s s o c i a t e d  sys tem c o n t r o l s .  

Two working f l u i d s  were used i n  t h e  power c o n v e r s i o n  gas loop ,  
One w a s  t h e  d e s i g n  f l u i d ,  a mix tu re  of he l ium and xenon gases mixed 
t o  a molecu la r  we igh t  of 8 3 . 8 .  I n  a d d i t i o n ,  k ryp ton  (molecu la r  
we igh t  of 8 3 . 8 )  was a l s o  used. Performance r e s u l t s  are p r e s e n t e d  
i n  r e f e r e n c e  3 f o r  t h e  sys tem o p e r a t i n g  on kryp ton  w i t h  t h e  r o t a t i n g  
u n i t  f i rs t  t e s t e d .  Reference 4 p r e s e n t s  a l i m i t e d  amount o f  d a t a  
and compares sys tem performance f o r  t h e  two working f l u i d s .  

The purpose of t h i s  r e p o r t  i s  t o  p r e s e n t  g e n e r a l  performance 
d a t a  f o r  t h e  sys t em o p e r a t i n g  w i t h  t h e  mix tu re  o f  he l ium and xenon. 
Two r o t a t i n g  u n i t s  were t e s t e d  and d a t a  f o r  b o t h  u n i t s  a re  compared. 
Expe r imen ta l  d a t a  a r e  p r e s e n t e d  f o r  v a r i a t i o n s  i n  t u r b i n e  i n l e t  
t empera tu re  from 1300 t o  1600' F, compressor i n l e t  t empera tu re  
from 45 t o  94' F, and compressor o u t l e t  p r e s s u r e  from 2 5  p s i a  t o  
44 p s i a ,  

BRAYTON POWER SYSTEM DE5 C R I  PTI ON 

A schemat i c  o f  t h e  power sys tem is  p r e s e n t e d  i n  f i g u r e  1. 
The components compr i s ing  t h e  gas l o o p  are the h e a t - s p u r c e  h e a t  
exchanger ,  t h e  Bra tyon  r o t a t i n g  u n i t  (BRU), and t h e  Brayton h e a t  
exchanger  u n i t  (BHXU), The h e a t  exchanger  u p i t  i n c l u d e s  t h e  
r e c u p e r a t o r  and t h e  waste h e a t  exchanger,  The subsystems r e q u i r e d  
f o r  o p e r a t i o n  a re :  h e a t  s o u r c e ,  gas management, e lec t r ica l ,  end 
t h e  h e a t  r e j e c t i o n  subsystem. A photograph o f  t h e  sys tem i n s t a l l e d  
i n  t h e  t e s t  f a c i l i t y  i s  p r e s e n t e d  i n  f i g u r e  2, 

Brayton R o t a t i n g  Un i t  (BRU) 

The r o t a t i n g  u n i t  i n c l u d e s  a t u r b i n e ,  a l t e r n a t o r ,  and com- 
p r e s s o r  mounted on a s i n g l e  s h a f t ,  Dur ing  normal o p e r a t i o n  t h e  
b e a r i n g s  were o p e r a t e d  i n  a hydrodynamic ( s e l f - a c t i n g )  mode 
l u b r i c a t e d  w i t h  t h e  working gas ,  
e x t e r n a l  p r e s s u r i z a t i o n  was s u p p l i e d  t o  t h e  b e a r i n g s  by t h e  g a s  
management subsys tem t o  m a i n t a i n  b e a r i n g - t o - s h a f t  c l e a r a n c e .  The 
u n i t  was i n s t a l l e d  w i t h  t h e  s h a f t  v e r t i c a l ,  t u r b i n e  end up, Pe r -  
formance c h a r a c t e r i s t i c s  o f  t h r e e  r o t a t i n g  u n i t s  are  d e s c r i b e d  i n  
r e f e r e n c e  5, 

Dur ing  s t a r t u p  and shutdown, 
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The d e s i g n  s h a f t  speed i s  36,000 rpm. The a l t e r n a t o r  des ign  
c o n d i t i o n s  are  120  v o l t  ( l i n e - n e u t r a l )  , 208 v o l t  ( l i n e - l i n e )  a t  
1200 h e r t z ,  Reference 6 p r e s e n t s  expe r imen ta l  r e s u l t s  €o r  t h e  
a l t e r n a t o r  and r e q u i r e d  c o n t r o l s .  

Brayton Heat  Exchanger Uni t  (BHXU) 

The h e a t  exchanger  u n i t  i n c l u d e s  a r e c u p e r a t o r ,  a waste h e a t  
exchanger  and d u c t i n g  r e q u i r e d  t o  connec t  t o  t h e  r o t a t i n g  u n i t .  
The r e c u p e r a t o r  i s  a gas- to-gas  coun te r f low u n i t ,  The waste h e a t  
exchanger  i s  a g a s - t o - l i q u i d  c ros s -coun te r f low u n i t .  P l a t e  and 
f i n n e d - s u r f a c e  c o n s t r u c t i o n  i s  used f o r  a l l  f l ow passages. The 
waste h e a t  exchanger  h a s  redundant  c o o l a n t  f low passages ,  though 
on ly  one l i q u i d  l o o p  was used a t  any t i m e .  The d e s i g n  and p e r -  
formance r e s u l t s  of  two Brayton h e a t  exchanger  u n i t s  are  p r e s e n t e d  
i n  r e f e r e n c e  7. 

Gas Management Subsystem 

This  subsystem s u p p l i e s  working f l u i d  f o r  gas i n j e c t i o n  s tar ts  
and h y d r o s t a t i c  s u p p o r t  o f  b e a r i n g s  d u r i n g  s t a r t u p s  and shutdowns. 
The subsystem a l s o  p rov ides  f o r  changes o f  gas loop  p r e s s u r e .  

E l e c t r i c a l  Subsystem 

The e l e c t r i c a l  subsystem r e g u l a t e s  t h e  a l t e r n a t o r  o u t p u t  
v o l t a g e  and s h a f t  speed ;  d i s t r i b u t e s  a l t e r n a t o r  power among t h e  
u s e r ' s  l o a d  buss ,  a p a r a s i t i c  l o a d  r e s i s t o r ,  and a dc  power supp ly  
f o r  sys tem requ i r emen t s ;  and c o n t r o l s  t h e  system d u r i n g  s t a r t u p s ,  
s t e a d y - s t a t e  o p e r a t i o n ,  and shutdowns. The performance of  t h e  
e l e c t r i c a l  subsystem i s  r e p o r t e d  i n  r e f e r e n c e s  8 and 9 .  

Heat  Re j e c t i on Subsystem 

A s i l i c o n e  l i q u i d ,  Dow Corning 200 (2 cs a t  77' F) ,  was 
c i r c u l a t e d  through t h r e e  p a r a l l e l  p a t h s  t o  remove h e a t  from t h e  
waste h e a t  exchanger ,  t h e  a l t e r n a t o r ,  and t h e  e l e c t r i c a l  system 
packages which were mounted on c o l d p l a t e s ,  For added r e l i a b i l i t y ,  
two i d e n t i c a l  c o o l i n g  loops  were i n s t a l l e d .  During normal o p e r a t i o n  
one l o o p  w a s  a c t i v e  and t h e  o t h e r  w a s  i n a c t i v e .  The pump and motor  
i n  each l o o p  are  c o n s t r u c t e d  as a s e a l e d  assembly. 
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Heat Source  Subsystem 

I n  t h e  s o u r c e  h e a t  exchanger  t h e  working f l u i d  pas sed  th rough  
a bank of 40 U-tubes i n  p a r a l l e l ,  The t p b e s  were r a d i a n t l y  hea ted .  

TEST FA C I  LI TY 

The t e s t  w a s  conducted  i n  t h e  NASA Space Power F a c i l i t y  l o c a t e d  
n e a r  Sandusky, Ohio. The Space Power F a c i l i t y  is one o f  s e v e r a l  
t e s t  f a c i l i t i e s  forming t h e  Plum Brook S t a t i o n  o f  t h e  NASA L e w i s  
Research Center ,  
vacuum chamber, w i t h i n  a c o n c r e t e  e n c l o s u r e ,  i s  t h e  p r i n c i p a l  
f e a t u r e  of t h i s  f a c i l i t y  ( f i g .  3 ) .  The c o n c r e t e  enclosure provides 
s h i e l d i n g  f o r  t h e  conduct of  n u c l e a r  expe r imen t s  a s  w e l l  a s  w i t h -  
s t a n d s  t h e  m a j o r i t y  of  t h e  a tmosphe r i c  p r e s s u r e  d i f f e r e n t i a l  when 
t h e  chamber i s  evacuated .  Experiment access t o  t h e  chamber from 
t h e  a d j a c e n t  assembly and d i sa s sembly  a reas  i s  provided  by two 
50 by 50 - foo t  d o o r s  i n  t h e  chamber and e n c l o s u r e ,  r e s p e c t i v e l y .  

A 100- foo t  d i a m e t e r  by 120-foot/ h i g h  aluminum 

Vacuum l e v e l s  i n  t h e  t o r r  range  have been achieved  s i n c e  
t h e  f a c i l i t y  became o p e r a t i o n a l  i n  1969. The Brayton power sys tem 
was l o c a t e d  i n  t h e  c e n t e r  o f  t h e  100- foo t  d i a m e t e r  chamber f o r  
t e s t i n g .  A l l  performance t e s t i n g  was conducted under  vacuum con- 
d i t i o n s  and r e p r e s e n t e d  t h e  f i rs t  o p e r a t i o n a l  t e s t  program o f  t h e  
f a c i l i t y  and t h e  Brayton power system, 

INSTRUMENTATION 

The i n s t r u m e n t a t i o n  i n s t a l l e d  for t h e  t e s t  was d i v i d e d  i n t o  
two c a t e g o r i e s :  c o n t r o l  and development. C o n t r o l  i n s t r u m e n t a t i o n  
c o n s i s t e d  of t h o s e  measurements r e q u i r e d  f o r  t h e  c o n t r o l ,  mon i to r ing ,  
and o p e r a t i o n  o f  t h e  power system. 

Development i n s t r u m e n t a t i o n  c o n s i s t e d  o f  s e n s o r s  i n s t a l l e d  i n  
a d d i t i o n  t o  t h e  c o n t r o l  s e n s o r s  t o  de t e rmine  o v e r a l l  sys tem p e r -  
formance a s  w e l l  a s  g r o s s  component performance, 

The performance d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  were o b t a i n e d  
t h r o u g h  t h e  measurements l i s t e d  i n  table  I.  All p r e s s u r e  measure- 
ments were made u s i n g  s t a t i c  p r e s s u r e  t a p s  w i t h  s t r a i n  gage p r e s s u r e  
t r a n s d u c e r s  connec ted .  T o t a l  p r e s s u r e  p robes  and r a k e s  were n o t  
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r e q u i r e d  due t o  t h e  low v e l o c i t i e s  i n  t h e  gas  loop. Temperature 
measurements were made u s i n g  e i t h e r  i r o n - c o n s t a n t a n  o r  Chromel- 
A l u m e l  thermocouples depending  on t h e  l o c a t i o n .  Bs th  s u r f a c e  and 
stream (probe) t y p e s  were used  as r e q u i r e d ,  L iqu id  c o o l a n t  f l ow 
measurements i n  t h e  h e a t  r e j e c t i o n  sys tem were made u s i n g  t u r b i n e -  
t y p e  flowmeters.  Gas loop  f low w a s  measured by a s h o r t ,  h igh  
r ecove ry  V e n t u r i  ( D a l l  t u b e )  

The d a t a  were r eco rded  u s i n g  t h e  f a c i l i t y  d i g i t a l  d a t a  
a c q u i s i t i o n  system. 

OPERATING EXPERIENCE 

The Brayton powek sys tem was o p e r a t e d  f o r  a t o t a l  o f  2561 
hour s .  T h i s  t o t a l  t i m e  w a s  accumulated on a l l  sys tem components 
e x c e p t  t h e  r o t a t i n g  u n i t  (BRU). The b e a r i n g s  of  t h e  f i rs t  BRU 
were damaged a t  668 h o u r s  o f  o p e r a t i o n  due t o  a 44 p e r c e n t  s h a f t  
overspeed. The overspeed  w a s  caused by a 3-phase s h o r t  c i r c u i t  
i n  t h e  a l t e r n a t o r  power c o n n e c t o r  when low- tempera ture  s o l d e r ,  
used  i n  t h e  connec to r ,  melted.  C o r r e c t i v e  a c t i o n  was t a k e n ,  t h e  
BRU w a s  r e p l a c e d  w i t h  an i d e n t i c a l  u n i t  t h a t  had accumulated 
1000 hour s  o f  o p e r a t i o n  i n  a s e p a r a t e  t e s t ,  and no f u r t h e r  problems 
were encountered .  The i n i t i a l  584 h o u r s  o f  o p e r a t i o n  w i t h  t h e  
first BRU were w i t h  k ryp ton  and t h e  f i n a l  84  hour s  were w i t h  t h e  
helium-xenon mixture .  With t h e  second u n i t ,  BRU-2, t h e  sys tem 
was o p e r a t e d  f o r  1 8 9 3 * h 6 u r s ,  358 hour s  w i t h  k ryp ton  and 1535 h o u r s  
w i t h  helium-xenon. Dur ing  t h i s  t e s t  p e r i o d  1214 hours of continue 
ous o p e r a t i o n  were ach ieved  w i t h  helium-xenon (over  1100 h o u r s  
con t inuous  w i t h  a t u r b i n e  i n l e t  t empera tu re  of  1600' F). 

Dur ing  e a r l y  t e s t i n g  o f  t h e  sys tem w i t h  t h e  f irst  r o t a t i n g  
u n i t ,  problems w i t h  t e s t  s u p p o r t  equipment l i m i t e d  t h e  t u r b i n e  
i n l e t  t o  15000 F. The problems were c o r r e c t e d  and t h e  d e s i g n  
t u r b i n e  i n l e t  t empera tu re  (1600' F) was o b t a i n e d  w i t h  t h e  second 
r o t a t i n g  u n i t .  

PERFORMANCE RESULTS 

The sys tem performance w a s  mapped by v a r y i n g  t h e  t h r e e  
independent  p a r a m e t e r s :  t u r b i n e  i n l e t  t empera tu re  (1600O F 
d e s i g n  v a l u e ) ,  compressor i n l e t  t empera tu re  (80° F d e s i g n  v a l u e ) ,  
and t h e  compressor o u t l e t  p r e s s u r e  (system d e s i g n  range  from 
1 4  p s i a  t o  45 p s i a ) .  The d e s i g n  o p e r a t i o n a l  range o f  compressor 
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o u t l e t  p r e s s u r e  was in t ended  t o  provide  gross a l t e r n a t o r  o u t p u t s  
from 2.25 t o  10 .5  k i l o w a t t s  a t  t h e  d e s i g n  t empera tu res ,  

The symbols used  are  p r e s e n t e d  i n  Appendix A and the methods 
of c a l c u l a t i o n  are  p r e s e n t e d  i n  Appendix B. 

Varying Compressor O u t l e t  Prepsure  

The e f f e c t  o f  compressor o u t l e t  p r e s s u r e  on a l t e r n a t o r  gross 
o u t p u t  and sys tem g r o s s  conve r s ion  e f f i c i e n c y  can be de termined  
from f i g u r e  4. 
t h e  g r o s s  output., measured a t  t h e  a l t e r n q t o r  t e r m i n a l s ,  v a r i e d  from 
6.3 k i l o w a t t s  a t  25.7 p s i a  t o  11.9 k i l o w a t t s  a t  44,4 p s i a .  
t h e s e  c o n d i t i o n s  t h e  g r o s s  e f f i c i e n c y ,  t h e  r a t i o  of gross al ternator  
o u t p u t  t o  the rma l  power added, i n c r e a s e d  from 0.30 t o  abou t  0 . 3 3 .  
A t  a t u r b i n e  i n l e t  t empera tu re  of 1300° F t h e  a l t e r n q t o r  g r o s s  out-  
p u t  v a r i e d  from 3.6 k i l o w a t t s  a t  25.8 p s i a  t o  7.5 k i f o w a t t s  a t  
43.7 p s i a ,  The co r re spond ing  values f o r  gross conve r s ion  e f f i c i e n c y  
are  0.20 and 0.24. The r a t e  of  change o f  a l t e r n a t o r  gross o u t p u t  
w i t h  r e s p e c t  t o  compressor  o u t l e t  p r e s s u r e  ranged from abou t  0.29 
kW/psia a t  1600' F t u r b i n e  i n l e t  t o  abou t  0.21 kW/psia a t  1300' F 
t u r b i n e  i n l e t .  

A t  t h e  d e s i g n  t u r b i n e  i n l e t  t empera tu re  of 1600° F 

For  

A l l  o f  t h e  a l t e r n a t o r  g r o s s  o u t p u t  i s  n o t  a v a i l a b l e  t o  a u s e r ,  
Components i n  t h e  e l e c t r i c a l  subsystem and t h e  c o o l a n t  pumps requ$rq 
e l e c t r i c a l  power t o  ma in ta in  system o p e r a t i o n .  The t o t a l  r e q u i r e -  
ment i s  a r e l a t i v e l y  c o n s t a n t  housekeeping laad of approximate ly  
1150 w a t t s  p lus  a small  p a r a s i t i c  l o a d  r e s i d u a l  t o  accommodate 
s l i g h t  v a r i a t i o n s  i n  t h e  sys tem o p e r a t i n g  p o i n t  ( r e f ,  8 ) ,  Assuming 
250 w a t t s  o f  p a r a s i t i c  l o a d  r e s i d u a l ,  the n e t  power a v a i l a b l e  t o  
a u s e r  would t h e n  be  t h e  a l t e r n a t o r  g r o s s  o u t p u t  minus 1.4 k i l o w a t t s ,  
The n e t  power and n e t  conve r s ion  e f f i c i e n c y  a r e  p r e s e n t e d  i n  f i g u r e  
5. The n e t  e f f i c i e n c y  i s  d e f i n e d  a s  t h e  r a t i o  o f  n e t  power a v a i l a b l e  
t o  t h e  the rma l  power added. 
t h e  n e t  power v a r i e d  from 5 . 1  k i l o w a t t s  a t  26 p s i a  compressor o u t l e t  
p r e s s u r e  t o  10.5 k i l o w a t t s  a t  44.4 p s i a .  The co r re spond ing  v a l u e s  
f o r  n e t  conve r s ion  e f f i c i e n c y  a r e  0 .24  and 0,29.  

A t  a t u r b i n e  i n l e t  t empera tu re  of 1600' F 

Varying Turbine  I n l e t  Temperature 

The e f fec ts  o f  v a r y i n g  t u r b i n e  i n l e t  t empera tu re  can  be d e t e r -  
mined from f i g u r e  4. For  a 100 degree  d e c r e a s e  i n  t u r b i n e  i n l e t  
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t empera tu re ,  t h e  a l t e r n a t o r  g r o s s  power d e c r e a s e  ranged from 
about  0.9 k i l o w a t t  a t  26 p s i a  compressor o u t l e t  p r e s s u r e  t o  
about  1 .4  k i l o w a t t s  a t  44 p s i a ,  The g r o s s  conve r s ion  e f f i c i e n c y  
dec reased  by about  0.09 when t u r b i n e  i n l e t  t empera tu re  was re- 
duced from 1600 t o  1300' F. 

Varying Compressor I n l e t  Temperature 

The a l t e r n a t o r  gross o u t p u t  and g r o s s  conve r s ion  e f f i c i e n c y  
are p r e s e n t e d  as a f u n c t i o n  of compressor i n l e t  t empera tu re  i n  
f i g u r e  6. Data were o b t a i n e d  f o r  t u r b i n e  i n l e t  t empera tu res  from 
1300 t o  1600° F. 
i n c r e a s e  i n  compressor i n l e t  t empera tu re  r e s u l t e d  i n  a d e c r e a s e  
of about  0 .4  k i l o w a t t s  i n  a l t e r n a t o r  gross ou tpu t .  A t  1600° F 
t u r b i n e  i n l e t  t empera tu re  t h e  g r o s s  conve r s ion  e f f i c i e n c y  dec reased  
from 0.34 a t  52' F compressor  i n l e t  t empera tu re  t o  0 .32  a t  88' F. 

For  a l l  t u r b i n e  i n l e t  t empera tu res ,  a LOo F 

The system n e t  o u t p u t  and n e t  conve r s ion  e f f i c i e n c y  are  p r e -  
s e n t e d  i n  f i g u r e  7. 
t h e  n e t  o u t p u t  v a r i e d  from 9.3 k i l o w a t t s  a t  50' compressor i n l e t  
t empera tu re  t o  7.5 k i l o w a t t s  a t  90' F. 
conve r s ion  e f f i c i e n c i e s  are  0.30 a t  50° F and 0 . 2 7  a t  90 F. 

A t  a t u r b i n e  i n l e t  t empera tu re  o f  1600' F 

% net 
The co r re spond in  

Comparison o f  System Performance With 
t h e  Two R o t a t i n g  U n i t s  

A comparison o f  a l t e r n a t o r ?  g r o s s  o u t p u t  and gross conve r s ion  
e f f i c i e n c y  f o r  BRUs 1 and 2 i s  p r e s e n t e d  i n  f i g u r e  8, The o u t p u t  
and conve r s ion  e f f i c i e n c y  f o r  t h e  sys tem w i t h  BRU-2 a r e  greater 
t h a n  w i t h  BRU-1 f o r  any g iven  t u r b i n e  i n l e t  t empera tu re  and com- 
p r e s s o r  o u t l e t  p r e s s u r e ,  
and 26 p s i a  compressor  o u t l e t  p r e s s u r e  t h e  a l t e r n a t o r  g r o s s  o u t p u t  
w i t h  BRU-2 w a s  0 , s  k i l o w a t t  g r e a t e r  t h a n  w i t h  BRU-1; a t  44 p s i a  
t h e  d i f f e r e n c e  was 0 .9  k i l o w a t t ,  The g r o s s  conve r s ion  e f f i c i e n c y  
f o r  t h e  sys tem w i t h  BRU-2 w a s  about  0.02 h i g h e r  t han  w i t h  BRU-1. 

A t  a t u r b i n e  i n l e t  t empera tu re  o f  1500' F 

The s h a f t  power a v a i l a b l e  t o  the a l t e r n a f o r  i s  t h e  d i f f e r e n c e  
between t h e  power developed i n  t h e  t u r b i n e  and t h e  power consumed 
i n  t h e  compressor ,  A comparison of  gas  f low r a t e ,  and t empera tu re  
d i f f e r e n c e s  a c r o s s  t h e  t u r b i n e  and compressor  i s  p r e s e n t e d  i n  
f i g u r e  9 f o r  t h e  two r o t a t i n g  u n i t s  f o r  a 1500° F t u r b i n e  i n l e t  
t empera ture .  The gas  f low r a t e  'and t empera tu re  i n c r e a s e  across 
t h e  compressor  a r e  t h e  same f o r  t h e  two u n i t s ,  The re fo re ,  t h e  
compressor power r equ i r emen t s  were t h e  same. 
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The gas  tempera ture  drop  a c r o s s  t h e  t u r b i n e  f o r  BRU-2 was 
about  8O F l a r g e r  t h a n  f o r  BRU-1, 
about  0 . 4  k i l o w a t t  l a r g e r  o u t p u t  f o r  t h e  t u r b i n e  of  BRU-2 a t  a 
compressor o u t l e t  p r e s s u r e  of  26 p s i a  ( 0 . 7 7  lbm/sec gas  flow ra te) ,  
A t  a compressor o u t l e t  p r e s s u r e  of  44 p s i a  (1 .32  lbm/sec gas  flow 
r a t e )  t h e  8' F r e p r e s e n t s  about  0 . 7  k i l o w a t t  l a r g e r  o u t p u t  f o r  t h e  
t u r b i n e  o f  BRU-2. The d i f f e r e n c e  i n  t u r b i n e  powers, a s  i n d i c a t e d -  
by gas  tempera ture  change, was very  c l o s e  t o  t h e  d i f f e r e n c e  i ' n  
measured a l t e r n a t o r  g r o s s  ou tpu t .  The re fo re ,  t h e  d i f f e r e n c e  i n  
bo th  a l t e r n a t o r  g r o s s  o u t p u t  and system g r o s s  convers ion  e f f i c i e n c y  
was a p p a r e n t l y  due t o  a d i f f e r e n c e  i n  t u r b i n e  performance between 
t h e  two r o t a t i n g  u n i t s ,  

The 8' F d i f f e r e n c e  r e p r e s e n t s  

SUMMARY OF RESULTS 

A Brayton c y c l e  power conve r s ion  system was ope ra t ed  i n  qi 
vacuum environment f o r  a t o t a l  o f  2561 hours  (over  1100 hours  
con t inuous ly  a t  a t u r b i n e  i n l e t  t empera ture  of 1600' F) ,  The 
system, w i t h  t h e  e x c e p t i o n  of  t h e  h e a t  sou rce  and h e a t  s i n k  sub-  
systems,  r e p r e s e n t e d  f l i g h t - t y p e  hardware. Two r o t a t i n g  u n i t s  
were t e s t e d .  No major t e c h n o l o g i c a l  problems were encountered ,  

The system produced 11 .9  k i l o w a t t s  of  gross  power a t  a 
t u r b i n e  i n l e t  t empera ture  o f  1600' F, compressor i n l e t  tempera- 
t u r e  of  80' F, and a compressor d i s c h a r g e  p r e s s u r e  o f  44.4 p s i a .  
For t h e s e  c o n d i t i o n s  t h e  n e t  power was 1 0 . 5  k i l o w a t t s  and t h e  n e t  
convers ion  e f f i c i e n c y  was 29 p e r c e n t ,  

D i f f e r e n c e s  i n  a l t e r n a t o r  power o u t p u t  and system conver s ion  
e f f i c i e n c y  were appa ren t  when d a t a  f o r  t h e  two r o t a t i n g  u n i t s  were 
compared. The d i f f e r e n c e s  apprea red  t o  r e s u l t  from d i f f e r e n t  ' 

t u r b i n e  performance f o r  t h e  two r o t a t i n g  u n i t s .  
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APPENDIX A 

SYMBOLS 

cD 

C 
P 

W 
h 

P 

P 

Q 

R 

T 

wG 

A 

d i s c h a r g e  c o e f f i c i e n t  f o r  D a l l  t u b e  

0 c o n s t a n t  p r e s s u r e  s p e c i f i c  h e a t ,  Btu/ lb  mass R 

p r e s s u r e  d i f f e r e n t i a l ,  i n ,  of wa te r  

2 s t a t i c  p r e s s u r e ,  lb f o r c e / i n ,  

power, k W  

t he rma l  power, k W  

gas  c o n s t a n t ,  ( f t )  ( l b  force)/ 'R (lb mass) 

0 t empera tu re ,  R 

gas  loop  f low r a t e ,  l b  mass/sec 

d i f f e r e n c e  o p e r a t o r  

e f f i c i e n c y  
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S u b s c r i p t s  : 

a 

AD 

C 

G 

GR 

n 

t 

1 

2 

5 

6 

10 

11 

a l t e r n a t o r  

added 

compressor 

W S  

gross 

n e t  

t u r b i n e  

compressor i n l e t  c o n d i t i o n  

compressor o u t l e t  c o n d i t i o n  

r e c u p e r a t o r  c o l d  s i d e  o u t z e t  c o n d i t i o n  

D a l l  t u b e  

t u r b i n e  i n l e t  c o n d i t i o n  

t u r b i n e  o u t l e t  c o n d i t i o n  
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APPENDIX B 

METHODS OF CALCULATION 

. I  

The fo l lowing  e q u a t i o n s  and d e f i n i t i o n s ,  a l o n g  wi th  t h e  i d e a l  
gas  r e l a t i o n s h i p s ,  were used t o  c a l c u l a t e  t h e  performance of t h e  
engine from t h e  measured d a t a .  

The gas mass f low r a t e  was c a l c u l a t e d  by u s i n g  t h e  f o l l o w i n g  
equa t ion  : 

where hw = (P,) (27 .832)  (B2) 

During t h e  c a l i b r a t i o n  of  t h e  D a l l  t u b e ,  t h e  d i s c h a r g e  co-  
e f f i c i e n t  was o b t a i n e d  a s  a f u n c t i o n  o f  t h e  gas  Reynolds number. 
For  a f irst  a t t e m p t  t o  c a l c u l a t e  t he  f low r a t e ,  a Reynolds' number 
and d i s c h a r g e  c o e f f i c i e n t  were assumed. Then w i t h  t h i s  c a l c u l a t e d  
f low r a t e ,  a check of  t h e  assumed Reynolds number was made and i f  
t h e  two d i sag reed ,  ano the r  Reynolds number w a s  assumed and t h e  same 
p rocess  was r epea ted .  When t h e  d i f f e r e n c e  between t h e  assumed 
Reynolds number and t h e  c a l c u l a t e d  Reynolds number was l e s s  t h a n  
one p e r c e n t ,  t h e  f low r a t e  v a l u e  was w i t h i n  t h e  accuracy of  t h e  
measurements used t o  o b t a i n  it. 

A c t u a l  t u r b i n e  .power was c a l c u l a t e d  as f o l l o w s :  

Pt = W C (Tlo - Trl) (1,055) (B31 
'G 

A c t u a l  compressor power was c a l c u l a t e d  a s  fo l lows :  

= W C (Tz - T1) (1.055) (B4) 
pc 'G 

Thermal power t r a n s f e r r e d  t o  t h e  gas  from r e c u p e r a t o r  o u t l e t  
t o  t u r b i n e  i n l e t  was c a l c u l a t e d  a s  f o l l o w s :  
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The e s t i m a t e d  n e t  system o u t p u t  power was calculatsed a s  
f o l l o w s  : 

P = P  - 1.4 kW 
GR n a 

. where 1.4 kW r e p r e s e n t s  the e s t i m a t e d  system i n t e r n a l  
power requi rement  based  upon measurements ob ta ined  
d u r i n g  sys tem o p e r a t i o n ,  

The sys tem g r o s s  conve r s ion  e f f i c i e n c y  was c a l c u l a t e d  as 
f o l l o w s  : 

D 

The estimated sys tem n e t  conversion e f f i c i e n c y  was calculated 
as  fo l lows:  

P 
- n  

Y? - e,, 
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TABLE I .  INSTRLJMENTATI ON USED FOR PERFORMANCE EVALUATION 

SENSOR LOCATION 6L MEASUREMENT SENSOR QUANTITY SENSOR TYPE 

Compressor I n l e t m a s t e  Heat 
Exchanger O u t l e t  Tempe r a t  u r e  2 Probe Thermocouple ( I  - C )  

P r e s s u r e  1 S t r a i n  Gage Transducer  

Compressor O u t l e t  P r e s s u r e  1 S t r a i n  Gage Transducer  1 I 
I 

Compress o r  Out l e t  /Recuperator  
Probe Thermocouple (C-A) Cold S i d e  I n l e t  Temperature 3 

i 
Recupera tor  Cold S i d e  I n l e t  P res  s u r e  1 I s t r a i n  Gage Transducer  I 
Recupera tor  Cold S i d e  O u t l e t  Temperature Probe Thermocouple (C-A) 

P r e s s u r e  

Turb ine  I n l e t  Temperature  Probe Thermocouple (C-A) 
P r e s s u r e  S t r a i n  Gage Transducer  

Temperature  Probe Thermocouple (C-A) 
P r e s s u r e  

Waste Heat Exchanger I n l e t  
(Coolant) Temperature 

P re s s u r e  
Weight Flow 

3 S u r f a c e  Thermocouple (I -C) 
1 S t r a i n  Gage Transducer  
1 Turbine Type Flowmeter 

Waste Heat Exchanger O u t l e t  
(Coolant) Temperature 3 S u r f a c e  Thermocoupxe (I -C2 



TABLE I. INSTRUMENTATION USED FOR PEEORMANCE EVALUATION 
(cont inued)  

SENSOR LOCATION & MEASUEMENT SENSOR QUANTITY SENSOR TYPE 

A l t e r n a t o r  Coolant  I n l e t  Temperature 
P r e s  sure  
Flow 

1 
1 
1 

Sur f  ace Thermocouple (I -C) 
S t r a i n  Gage Transducer  
Turbine Type Flowmeter 

A l t e r n a t o r  Coolant  O u t l e t  Temperature 1 S u r f a c e  Thermocouple (I -C) 

Gas Flow ( D a l l  Tube) P r e s s u r e  
D i f f e r e n t i a l  
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Figure  1. Schematic diagrams of  Brayton power system 
and Heat r e j e c t i o n  subsystem 
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